The discovery of the Higgs boson like particle with the mass of around 126 GeV has given us a great clue to know what is the true Higgs sector. New physics models at the TeV scale often introduce Higgs sectors extended from the minimal form, so that the determination of the Higgs sector can be a probe of new physics models. In this talk, we focus on the Higgs sector with exotic representation fields whose isospin is larger than 1/2. We first discuss the general features of exotic Higgs sectors, and then we consider several concrete models to clarify them. The phenomenology of the Higgs triplet model is discussed as the simple but important example.
I. INTRODUCTION
In July 2012, both the ATLAS and the CMS Collaborations have reported the discovery of a new boson with a mass of about 126 GeV [6] . This particle has been observed in the h → γγ and h → ZZ * → 4ℓ modes, and those event numbers are compatible with that in the standard model (SM). Thus, the new particle is most likely the SM-like Higgs boson. However, this does not necessarily mean that the Higgs sector in the SM is correct, because the SM-like Higgs boson can also appear in the Higgs sector extended from the SM one.
On the other hand, it has been known that there are phenomena which cannot be explained in the SM such as neutrino oscillations, the existence of dark matter and baryon asymmetry of the Universe. These phenomena are expected to be explained in models beyond the SM where extended Higgs sectors are often introduced, and their properties strongly depend on the new physics scenario. Therefore, determining the structure of the Higgs sector is paramountly important to know what kind of the new physics models exists.
The two Higgs doublet model (THDM) is one of the most popular and extensively analyzed extended Higgs sector. There are several scenarios of the THDM depending on the type of a discrete Z 2 symmetry [7] which is basically introduced to avoid the tree level flavor changing neutral current (FCNC); i.e., the cases where the Z 2 symmetry is unbroken, softly-broken and/or explicitly-broken. The first case is known to be the inert doublet model [8] in which the lightest Z 2 -odd scalar boson can be dark matter. In the second class of the THDM, there are four independent types of Yukawa interactions, depending on the charge assignments of the Z 2 symmetry [9] . The collider phenomenology can be drastically different among the four types of the Yukawa interactions [10] . The third scenario where the Z 2 symmetry is explicitly broken is so-called the type-III THDM. In this case, a particular Yukawa texture is introduced, forcing the non-diagonal Yukawa couplings to be proportional to the geometric mean of the two fermion masses [11] . As the other way to forbid the tree level FCNC, one can assume that one of the two Yukawa matrices is proportional to the other one, which is called as the aligned THDM [12] . After the discovery of the SM-like Higgs boson, many literatures appeared in which the Higgs boson search data are explained based on the various scenarios in the THDM [13] .
Apart from the THDM, Higgs sectors which contains scalar fields with the isospin larger than 1/2 are also important to be studied. We here call such a Higgs field as an exotic Higgs f ield, and also such a Higgs sector as an exotic Higgs sector. The Higgs triplet model (HTM) is one of the simplest exotic Higgs sectors in which tiny neutrino masses are generated by the type-II seesaw mechanism [14] . In the HTM, the vacuum expectation value (VEV) of the triplet field deviates the electroweak rho parameter from unity at the tree level. The experimental value of the rho parameter is close to unity, so that the triplet VEV is severely constrained.
There have been several models proposed with triplet Higgs fields. For instance, in the Georgi-Machacek (GM) model [15] [16] [17] , a real triplet Higgs field is added to the HTM in order to keep the electroweak rho parameter to be unity at the tree level by taking an alignment of two triplet VEV's. In the model proposed in Ref. [18] , the lepton number violating mass in the HTM is induced at the one-loop level. In addition, the supersymmetric extention of the HTM has also been discussed in Ref. [19] .
As another example for exotic Higgs sectors, the Higgs quadruplet field is introduced in models proposed in Refs. [20, 21] , in which neutrino masses are generated through higher dimensional operators [20] and via the one-loop level [21] . The Higgs sector with the scalar quintuplet can be used to be built a two-loop radiative seesaw model [22] . Recently, the model with the septet Higgs field has also been discussed in Refs. [1, 23] .
In this talk, we focus on exotic Higgs sectors. To know the exoticness of the Higgs sector is important not only to probe exotic Higgs sectors but also to know the usual Higgs sector such as multi-doublet models. We first discuss the general features of the exotic Higgs sectors, and then we consider several concrete models.
with the 95% confidence level. There is the other way to satisfy ρ tree = 1 even in the Higgs sector contained Higgs multiplets without the relation given in Eq. (5) . Namely, by taking some VEV's of exotic Higgs fields so as to keep the custodial symmetry, the rho parameter is kept to be unity at the tree level. The representative example is the GM model where the real and the complex triplet fields are added to the minimal Higgs sector, and VEV's of the triplet fields are taken to be aligned to keep the custodial symmetry.
The
In order to discriminate exotic Higgs sectors, we need to measure the other observables which are sensitive to the structure of the Higgs sector. A common feature in the extended Higgs sectors is the appearance of physical singly-charged Higgs bosons H ± . Hence, we may be able to discriminate each Higgs sector through the physics of charged Higgs bosons. Among the various observables related to H ± , the H ± W ∓ Z vertex is useful to test exotic Higgs sectors. The magnitude of the
, where H ± α is the α-th physical singly-charged Higgs bosons. The ξ α parameter is calculated at the tree level as [24, 26] as
where ρ tree is given in Eq. (4). A non-zero value of |F | 2 appears at the tree level only when H ± α comes from an exotic Higgs field. In multi-doublet models, this vertex is induced at the one loop level, so that the magnitude of the vertex tends to be smaller than that in exotic Higgs sectors [27] . Therefore, a precise measurement of the H ± W ∓ Z vertex can be used to discriminate exotic Higgs sectors with ρ tree = 1 such as the GM model. The feasibility of measuring this vertex at collider experiments has been discussed in several papers [28] [29] [30] [31] [32] . In Ref. [30] , the single H ± production from the W ± Z fusion and the W ± Z decay of H ± have been analysed at the LHC. In the case with the mass of H ± to be 200 GeV and
036 is required to reach the signal significance to be larger than 2 at the collision energy and the integrated luminosity to be 14 TeV and 600 fb −1 , respectively. At the International Linear Collider (ILC), the H ± W ∓ Z vertex can be measured via the e + e − → Z * → H ± W ∓ process [31, 32] . In Ref. [32] , this process has been studied in the lepton specific H ± scenario; i.e., B(H ± → ℓ ± ν) = 100%. When the mass of H ± is 150 GeV, |F | 2 > 0.001 is required to reach the signal significance to be larger than 2 with collision energy to be 300 GeV and integrated luminosity to be 1 ab −1 .
The hV V vertex
So far, we have not observed any new particles other than the "Higgs boson" with the mass of 126 GeV, so that focusing on the Higgs boson couplings is quite important. First, we define the SM-like Higgs boson h whose mass is taken to be 126 GeV in extended Higgs sectors by
where R ih is the element of the orthogonal matrix connecting h 0 i given in Eq. (1) and the mass eigenstates for the CP-even scalar bosons. The hV V couplings are then calculated by
where g SM hV V is the hV V coupling in the SM, and the factor c i hV V is expressed by
In the general Higgs sector, the charged (neutral) Nambu-Goldstone (NG) bosons G ± (G 0 ) can be separated from physical charged Higgs bosons (CP-odd Higgs bosons) by using the elements of the orthogonal matrices; 
c β cα + 4s β sα c β cα + 4s β sα sα. We use the abbreviations such as cX = cos X and sX = sin X.
From the NG theorem, R iG + and R iG 0 satisfy the following relations;
We note that the c hV V factor in multi-doublet models is expressed by using Eqs. (8) and (9) as
We can see that the factor is smaller than 1 because of the sum rule i v 2 i = v 2 (see Eq. (3)) in multi-doublet models. However, this feature c hV V ≤ 1 does notnecessarily hold in exotic Higgs sectors. We will see a few models with c hV V ≥ 1 in the next section.
Global U (1) symmetry
The last feature of exotic Higgs sectors listed in the begging of this section is regarded with an extra global U (1) symmetry. Let us consider the Higgs sector composed from one exotic Higgs field X in addition to the Higgs doublet filed. If X has quantum numbers of T > 3/2 and Y = 0 or T = 3/2 and Y = ±3/2, the Higgs sector has an global U (1) symmetry associated with the phase rotation of X [33] . If this symmetry is spontaneously broken down due to a non-zero VEV of X, then a massless NG boson appears in addition to the usual three NG bosons G ± and G 0 . A model with such an additional NG boson is phenomenologically unacceptable because the NG boson can couple to the SM particles through a mixing with the CP-odd scalar component from the doublet field. There are several ways to avoid appearance of the additional NG boson. For example, this NG boson can be absorbed by the additional neutral gauge boson by extending the global symmetry to the gauge symmetry via the Higgs mechanism. Besides, by introducing explicit breaking terms of the U (1) symmetry, we can avoid such a massless scalar boson. In the latter way, if we discuss in the renormalizable theory, additional Higgs fields are necessary to construct such an explicit breaking term. Of course, we can introduce a higher dimensional term such like M −N φφ · · · φX (φ is the doublet Higgs field) to break the U (1) symmetry.
Examples
We here show that the exotic features discussed in the previous section in several concrete models. We define the Higgs fields with the quantum numbers (T, Y ) as φ (1/2,1/2), ξ (1, 0), χ (1, 1) and ϕ 7 (3, 2) . The VEV's for φ, ξ, ∆ and ϕ 7 are respectively denoted by v φ , v χ , v ξ and v 7 . As examples, we consider the HTM, the real Higgs Triplet Model (rHTM), the GM model and the Higgs Septet Model (HSM) whose Higgs fields content is listed in Table I . In this table, β (β ′ ) is the mixing angle which separates G ± (G 0 ) from the physical singly-charged (CP-odd) Higgs bosons. In each Higgs sector, tan β is calculated by R 2G + /R 1G + ( R 2 2G + + R 2 3G + /R 1G + ) in the HTM and in the rHTM (in the GM model and in the HSM). In the HSM, R 3G + corresponds to the singlycharged states of T 3 = −3 component of ϕ 7 . On the other hand, tan β ′ is calculated by R 2G 0 /R 1G 0 except for in the rHTM because there is no additional CP-odd scalar state.
The rho parameter ρ tree , the magnitude of the H ± W ∓ Z vertex |F | 2 and the hV V coupling constant c hV V are listed in Table I in each model. In the HTM and the rHTM (In the GM model and in the HSM), ρ tree is not (is) equal to 1, while it is to 1. We note that in the GM model, only when the triplet VEV's are aligned as
then ρ tree = 1 is satisfied (see Eq. (4)). When v ∆ (v ξ ) is taken to be 3 GeV in the HTM (rHTM), the value for |F | 2 and the maximum value for c hW W − 1 and c hZZ − 1 are obtained as 3.9 × 10 −4 (7.7 × 10 −4 ), 1.5 × 10 −4 (8.9 × 10 −4 ) and 8.9 × 10 −4 (0), respectively in the HTM (rHTM). In the GM model and in the HSM, there is no constraint for the VEV's from the rho parameter. As an example, when we take v T = v 7 = 30 GeV, we obtain the value for |F | 2 and the maximum value for c hV V − 1 are obtained as 0.15 (0.31), 9.4 × 10 −2 (1.1), respectively in the GM model (HSM). In this section, we discuss the HTM in which the complex triplet Higgs field ∆ is added to the SM. The most general Higgs potential under the SU (2) L × U (1) Y gauge invariance is given by
III. THE HIGGS TRIPLET MODEL
There are seven physical scalar states; i.e., the doubly-charged H ±± (= ∆ ±± ), the singly-charged H ± , a CP-odd A as well as two CP-even (H and h) scalar states. As we already discussed in the previsous sections, the VEV of the triplet field v ∆ has to be much smaller than that of the doublet v φ due to the constraint from the electroweak rho parameter. In the case of v ∆ /v φ ≪ 1, H ±± , H ± , A and H (h) can be regarded as the triplet-like Higgs bosons (the SM-like Higgs boson), and their masses are given by
where we neglect the terms proportional to
. and the µ term in the potential, the Majorana masses for neutrinos are obtained by
It can be seen that when the lepton number violating parameter µ is taken to be of O(0.1−1) eV with h ij = O(1), we can take M ∆ to be O(100 − 1000) GeV with satisfying (M ν ) ij = O(0.1) eV which is required by the data. In such a case, the HTM can be tested at TeV-scale collider experiments. There are two ways to test the HTM at collider experiments; namely, (i) the direct way and (ii) the indirect way.
Direct way for testing the HTM
Discovery of the triplet-like Higgs bosons can be the direct evidence of the HTM. In particular, appearance of H ±± is the striking feature of the model so that the detection of H ±± is quite important. Furthermore, testing the mass spectrum of the triplet-like Higgs boson can be a probe of the HTM, because there appear characteristic relationships among the masses as [5] 
We can see that there are three patterns of the mass spectrum for the triplet-like Higgs bosons. In the case with λ 5 = 0, all the triplet-like Higgs bosons are degenerate in mass, while in the case of λ 5 > 0 (λ 5 < 0), the mass spectrum is m A > m H + > m H ++ [37, 38] (m H ++ > m H + > m A ) [5, 37] 
Region I is the most promising scenario to detect H ±± because of the clear same-sign dilepton signature [34, 35] . The structure of the neutrino mass matrix given in Eq. (15) can be tested by measuring the branching fraction of the H ±± → ℓ ± ℓ ± mode, because its magnitude is determined by |h ij | 2 . However, this scenario has already been excluded by the LHC data if m H ++ < ∼ 400 GeV [36] . In Region II, H ±± can dominantly decay into the same-sign diboson [34, 39] . According to the reference [39] , H ±± with a mass of 180 GeV can be tested at 5σ level in this scenario with an integrated luminosity of 10 fb −1 at 8 TeV. Region III is an important scenario to test the mass relation given in Eq. (16) . In this scenario, H ±± , H ± and A/H may be reconstructed by using the invariant mass as well as the transverse mass distributions in the systems of ℓ ± ℓ ± bbE miss T , ℓ ± bbE miss T and bb, respectively at the LHC [5] . Region IV is a night mare scenario for the detection of H ±± , because the decay product of H ±± always include neutrinos.
Indirect way for testing the HTM
Measuring the deviations in coupling constants of the SM-like Higgs boson h from the SM predictions can be an indirect evidence of the extended Higgs sector. In particular, the Higgs to the diphoton mode h → γγ is one of the most important channels for the SM Higgs boson search at the LHC because of the clear signature. The decay rate of h → γγ can be modified by the loop effect of H ±± and H ± as well, which has been calculated in the several papers in the HTM [4, 40] .
In addition to the h → γγ decay which corresponds to measuring the hγγ coupling, studying the deviations in hW W , hZZ and hhh vertices from the SM predictions are also important. These Higgs boson couplings may be accurately measured at future colliders such as the LHC with 3000 fb −1 and at the ILC [41] . In Refs. [2, 3] , the renormalized Higgs boson couplings hW W , hZZ and hhh and also the decay rate of h → γγ have been calculated at the one-loop level in the HTM. It has been found that there are strong correlations among deviations in these Higgs boson couplings. For example, if the event number of the pp → h → γγ channel deviates by +30% (−40%) from the SM prediction, deviations in the one-loop corrected hV V and hhh vertices are predicted about −0.1% (−2%) and −10% (+150%), respectively [2] without contradiction with the constraints from the vacuum stability [42] and the perturbative unitarity [17, 42] .
IV. CONCLUSION
We have discussed Higgs sectors with exotic representation fields whose isospin are larger than 1/2. In such an exotic Higgs sector, there are several characteristic features which do not appear in usual Higgs sectors such as the multi-doublet model at the tree level. For instance, the electroweak rho parameter can deviate from unity, the H ± W ∓ Z vertex appears, the hV V vertex can be larger than that in the SM. These properties have been seen in concrete models; the HTM, the rHTM, the GM model, and the HSM. We also have discussed how to test the HTM at collider experiments, and we have shown two ways; i.e., the direct way and the indirect way.
